A first total synthesis of the structures proposed for quinocitrinines A and B has been accomplished by a three steps strategy which also applies for the synthesis of non-natural analogs. In the first step a microwave assisted Friedlander condensation between a substituted oamino-benzaldehyde and a substituted tetramic acid generated intermediate fused tricyclic quinolines which were N-methylated using methyl triflate. The natural compounds were obtained after cleavage of an O-methyl group from the aryl ring using BBr3. All the reactions were affected by epimerization of the C-11 in the lactam ring which converted quinocitrinine A into quinocitrinine B. In order to diminish epimerization, optimization assays were necessary. Extensive NMR analysis of the synthetic compounds and their lack of biological activity as compared to those of the previously isolated natural products, revealed that the structures of the natural products remain to be elucidated.
Introduction
Quinocitrinines A and B are natural alkaloid compounds extracted from Penicillium citrinum. 1 Based on spectral data analysis, structure 1 was proposed 2 for quinocitrinine A and structure 2 for quinocitrinine B (see Scheme 1) .
The effect of quinocitrinines was studied on the respiratory activity of yeasts (Yarrowia lipolytica) and bacteria (Arthrobacter globiformis). 3 Quinocitrinines A and B showed activation of the respiratory process of these native cells in both types of organisms. 2 Studies of yeast mitochondria showed that quinocitrinines exert an uncoupled effect on oxidative phosphorylation 4 , which activates the respiration and reduces the respiratory control.
Experiments with intact mitochondria and the native cells of the bacteria Arthrobacter globiformis revealed that quinocitrinines decrease the membrane electrochemical potential. [5] [6] [7] The uncoupling effect likely constitutes a mechanism of the antibiotic activity of quinocitrinines. 2 Secondary quinoline metabolites are synthesized by bacteria and microscopic fungi. 8 Quinocitrinines exhibit a broad range of biological activities. 2 They have anti-tumor activity and induce antibiotic effects in prokaryotic and eukaryotic organisms. The always growing interest in new antibiotics make from quinocitrinines and their nonnatural analogues, an attractive pole of attention for designing new antibacterial compounds. Here we present the first total synthesis of the structures proposed for quinocitrinines A and B. The proposed general methodology allows the access to a variety of non-natural analogues also included in this study. Structural analyses of the synthetic natural products were compared to those of the isolated natural products obtained in previous studies.
Results and Discussion
The synthesis is based on a three steps strategy also suitable for the synthesis of non-natural analogues (see Scheme 2) . In the first step a microwave assisted Friedlander 10 condensation between substituted 2-amino-benzaldehydes 3 and optically active substituted SS-tetramic acids 4 (obtained from the corresponding natural amino acids 11 ) led to intermediates fused tricyclic quinolines 5a-h which were N-methylated using methyl triflate 12 at room temperature leading to 6a-h. Finally, compounds 7 were obtained after cleavage of the O-methyl group in 6h (R1=OMe, R2= iBu) using BBr3 at room temperature 13 for 7 days or under microwave irradiation for 120 min. and R 3 identity refer to Table 1) .
Different substitutions at R 1 and R 2 generated a panel of non-natural analogues (see Table 1 ). 
The chirality of intermediates 5a-h, 6a-h and products 7 was affected by the conditions of all the applied reactions. Interestingly, the epimerization process in carbon C-11 (see Scheme 1), transforms quinocitrinine A (SS) into quinocitrinine B (RS), thus their spectral profiles can be also studied and compared to the natural compounds as mixtures as it will be demonstrated here below.
In order to find optimal reaction conditions, the epimerization process was followed using as model the Friedlander condensation for obtaining the intermediate 5b (R 1 = H, R 2 = i-Bu), the Nalkylation of 5h for obtaining the intermediate 6h (R 1 = OMe, R 2 = i-Bu) and O-demethylation of 6h for obtaining quinocitrinines 7 (R 1 = OH, R 2 = i-Bu). The reason for the selection of these models was the presence of two asymmetric carbons (C-11 and C-12, Scheme 1) that allowed an easy follow-up of epimerization of the SS into the RS isomer using NMR spectroscopy (isomers were not separable by HPLC). Intermediate 5b is prone to undergo epimerization at the C-11 position due to the vicinity of the quinoline double bond.
The Friedlander condensation was performed under different conditions and the intermediates were analyzed by NMR (see Table 2 ). Since we noted that Boc protective group is partially cleaved during the reaction, we choose to remove it with trifluoroacetic acid after precipitation of the product mixtures so that NMR spectra could be easily analyzed. It should be pointed out that the crude products were isolated by precipitation from the reaction solvent. Thus, the effective epimerization degree measured by NMR after precipitation might be slightly different from that of the reaction mixtures. Nevertheless, the products were isolated in quantities after precipitation using the same procedure, therefore, the epimerization ratios of the precipitated intermediates are those relevant for the biological studies undertaken using the diastereomeric mixtures. Reactions kinetics were followed by analytical HPLC and the ratio of isomers in the isolated crude was determined by NMR analysis of the precipitated mixtures after total removal of Boc groups (see Figure 1a Reactions were conducted using microwave energy. Since the starting tetramate (4 in Scheme 2) has a SS configuration we assumed that the SS isomer in SS/RS mixtures will be majoritarian in reactions with low racemization. Thus, the proton on C-11 in 5b for the SS isomer appears at 4.69 ppm, while for the RS isomer appears at 4.76 ppm (see Figure 1 ). According to the NMR analyses in Figure 1 , the acidic solvent acetic acid needed only 10 min for the total transformation of the starting reagents into the product, however a total epimerization was observed (see Table 2 , exp. a and Figure 1a ). Protic solvent ethanol at 80ºC inferred less epimerization as compared to acetic acid under similar reaction conditions (see Table 2 , exp. b and Figure 1b ). Finally the use of aprotic solvents; either polar or not, resulted in the generation of moderately less epimerized products that needed longer, but reasonable, reaction times of 30 to 60 min. (see Table 2 , exp. c-d and Figure 1c-d) . Overall, for a lesser epimerization the use of aprotic solvents at temperatures lower than 80ºC are preferred (4% of RS isomer was obtained). On the other hand, working at high temperature in protic solvents resulted in a significant epimerization. Yields varied from 30 to 60%. Finally, as expected, Boc protecting groups were substantially cleaved during experiments a-b and partially cleaved in experiments c-d.
Since the epimerization was minimal using DMF/ 80ºC/MW we applied these conditions to the synthesis of the quinocitrinine precursor 5h (R 1 = OMe, R 2 = i-Bu in Figure 2 ). Strikingly, the product did not precipitate from the reaction solvent and it was necessary to add water and extract it with ethyl acetate. The isolated crude was a mixture of the expected products where 90% of the Boc groups remained intact. Thus this mixture was purified by silica gel and the Bocprotected product was analyzed by NMR. The ratio of diastereomers SS:RS was 96:4, thus the same as the obtained for 5b under the same conditions (see Figure 2a , note that in starting compound 5h the NMR signals of the isomers are swapped due to the presence of the Boc group which affects the chemical shifts of both isomers, downfield, but more significantly the SS isomer with 5.16 ppm than the RS isomer with 5.10 ppm for the proton on C-11).
The N-methylation was conducted using the isomers mixture (SS:RS) 96:4 of intermediate 5h to give 6h (R1= OMe, R2= i-Bu). Methylation of the intermediate was performed in dry dichloromethane using methyl triflate under nitrogen at room temperature as previously reported 12 , the Boc group was completely cleaved during the reaction likely due to the presence of the Lewis acid and/or to the strong inductive electron withdrawing effect generated by the presence of the quinolinium cation. A further epimerization of C-11 in intermediate 6h was observed by NMR (see Figure 2b) . Thus, the starting epimeric mixture (SS:RS) 96:4 evolved to 83:17 with a yield of 72%. Further optimization was discarded as some epimerization was observed even under mild conditions. Finally, demethylation of the O-Me group in quinocitrinine precursor 6h, was conducted using the isomers mixture (SS:RS) 83:17. Two different conditions were tested: aqueous HBr under microwave irradiation at 100ºC during 90 min, with very poor yield (data not shown) and BBr3 in CH2Cl2 for 7 days at room temperature as previously reported. The final products 7 were purified by preparative HPLC as mixtures and analyzed by NMR. Results in Figure 3 indicate that the contribution of this step to the epimerization process was rather small with a final isomers SS:RS ratio of 76:24 and 40% yield. Overall, the best conditions for obtaining highly stereoselective products were the use of non protic solvents either methylene chloride or DMF at not more than 80ºC for the Friedlander condensation, N-methylation using methyl triflate at room temperature and O-demethylation needed the use of BBr3 with no heating for a week.
Except for products 6a and 6b, the non-natural analogues contain a single asymmetric carbon, thus they were obtained as racemic mixtures. For this reason we preferred to generate quantities of these compounds using the epimerizing conditions to obtain unambiguous ratio of 1:1 for the enantiomer mixtures which allows an easier evaluation of eventual biological activity (see Table 3 ). Thus, acetic acid was used for the synthesis of intermediates 5b-g so that compounds 6b-g were a 1:1 mixture of two enantiomers (two diastereomers for 6b). [a] Overall yield.
In order to confirm the proposed structures of the previously isolated quinocitrinines A and B, the synthetic mixture 7 was analysed by UV, IR, TLC and extensively studied by NMR spectroscopy (see Table 4 for general physical properties). The mixture of choice for NMR studies was composed of a SS:RS ratio of 79:21. 1D 1 H and 13 C NMR spectra were recorded, as well as several 2D correlation spectra (COSY, HMQC and HMBC). Pyridine-d5 was used as solvent for these NMR spectra in order to work under the same conditions of the previously reported NMR data. 1 The chemical shifts of the synthetic analogues were, in many cases, strikingly different from those of the previously reported NMR data of the natural compounds. 1 Firstly, the spectra of the synthetic quinocitrinines A and B (diastereomers) were found to be different from each other, unlike the literature report where carbons and protons from both isomers were systematically attributed to single signals. In addition, proton chemical shifts differ by 0.3 -1.3 ppm from those of the literature report (see Table 5 ). Moreover, the carbon chemical shifts also differ substantially from the previously reported data (see Table 6 ); for example in the reported natural quinocitrinines A and B, the C-2 carbon has a unique chemical shift of 116.6 ppm; however the chemical shift of the same carbon for both synthetic isomers was 102.78 ppm, thus a difference of 13.8 ppm between the natural and synthetic products. Strikingly, the carbon in the same position of another natural product with the same empirical formula, quinolactacin A, shown a similar chemical shift of 117 ppm in DMSO (see Scheme 3).
14 The C-6 was reported as having a single chemical shift of 129.8 ppm for both natural isomers, however the synthetic compounds disclosed a chemical shift of 123.6 ppm. Again quinolactacin A disclosed a chemical shift of 128 ppm in DMSO very close to that of the natural compound.
14 For C-8 the situation was even more distinct as each synthetic isomer disclosed a slightly different chemical shift of 119.83 ppm and 119.98 ppm, both substantially different from a single chemical shift of 111.0 ppm reported for both natural products and very close to the same carbon in quinolactacin A (110,3 ppm in DMSO).
14 Finally, for the N + -Me C-16 of the quinolinium group, chemical shifts of 39.22 and 39.17 ppm were obtained for the synthetic products, while 36.8 for the natural compounds also very similar to the chemical shift measured for quinolactacin A (36 ppm in DMSO), that possesses an oxidized uncharged Nmethyl quinolinone ring instead of the N-methyl-quinolinium, with the same general formula as the proposed structure of the natural products 14 (see Table 6 ). Finally, HMBC (long-range 1 H x 13 C) correlations shown in Table 7 clearly suggest that the synthetic and the reported natural products are different. Since we don't have access to the natural products, it is not possible to perform exhaustive comparative studies in order to clearly establish a structure for the natural products, the only indication we have to date is that the chemical shift of the N-Me group in the natural compounds, strongly suggest that the heterocycle contains a quinolinone ring rather than a quinolinium one and that all the chemical shifts of the carbons are strikingly similar to those of another natural compound, quinolactacin A 14 with the same general formula. It should be pointed out that although we find a systematic correlation between the chemical shifts of all the carbons and most of the protons of the natural compounds and quinolactacin A, we are not able to establish their current structure since we note that multiplicity in protons C2, C4 and C5 match the presence of a group different from proton in position C3. Overall, we suggest that the structures previously proposed for natural quinocitrinines A and B must be considered cautiously. 
H Position
C-12, 10 C-13, 15 C-10, 12 -12 C-13, 15 -C-11, 15 C-14 13 C-14, 12 -C-14 -14 C-13 C-12 C-13 C-12 15 C-12 C-11, 13 C-12 -16 -C-1, 10 -C-1, 10
All the compounds, including intermediates were tested for cell viability using XTT viability assay and were also tested as antibacterial by the minimal inhibitory concentrations (MIC) assay 15 in Staphylococcus aureus and Escherichia coli. Synthetic quinocitrinines A and B as well as the non-natural analogues were devoid of activities in both assays up to concentrations of 100 mM. (data not shown). The lack of activity of the synthetic quinocitrinines and derivatives are an additional indication for the lack of correlation between the previously reported active "quinocitrinines" and the compounds synthesized here. Finally, we did not find necessary to further separate the racemic non-natural compounds 6c-g or separate the ''synthetic quinocitrinines'' 7h as they were devoid of activity both as anti-bacterial and anti tumoral.
Conclusions
We have developed a first total synthesis of the proposed structures of quinocitrinines A and B. The synthesis includes three key reactions: a) Friedlander condensation, b) N-methylation and, c) O-demethylation. All the reactions affected the chiral integrity of carbon C-11, thus in order to diminish epimerization, optimization studies were undertaken for finding the best conditions. The method was applied to the synthesis of other novel non-natural quinocitrinine analogs. Strikingly, exhaustive NMR analysis of the obtained synthetic quinocitrinines revealed a substantial lack of correlation between the chemical shifts and CH correlations of the synthetic and the natural products. Moreover, XTT viability assays and MIC assays revealed a lack of activity for all the synthesized compounds up to 100 mM. Overall, we suggest that the structures proposed for the natural quinocitrinines A and B in previous reports should be reconsidered.
Experimental Section
General. Analytical HPLC was performed on Waters Gradient System equipped with a 717-Plus autosampler, a Waters 600 intelligent pump, and a Waters 996-photodiode array detector; the system was piloted with Millenium software from Waters. Selected wavelengths for chromatograms were 220 and 254 nm. Mobile phases were (A) H2O (0.1% TFA) and (B) MeCN (0.08% TFA). Separation condition for analytical analysis was as follows: Column Merck Chromolith Performance RP-18e 100-4. C, respectively) and Avance III -700 (700.5 and 176.1 M Hz for 1 H and 13 C, respectively) spectrometers. Samples were dissolved in DMSO-d6 or pyridine-d5. Chemical shifts are in ppm relative to TMS internal standard, or the solvent. 13 C-NMR multiplicities were confirmed by the DEPT technique, and several 2D correlation spectra were also taken COSY, HMQC and HMBC. Mass spectra analyses were obtained on a Varian Mat 731 spectrometer (CI = chemical ionization).
High resolution MS-MALDI-TOF spectra with an Autoflex TOF/ TOF instrument (Bruker, Germany). 2, 5-Dihydroxybenzoic acid (DHB) was used as a matrix. Microwave irradiations were carried out with a professional microwave "Initiator" from Biotage at pre-fixed temperature. The intensity differed from 0 to 300W at frequency of 2.456 G Hz. The tetramic acids were prepared according to a procedure published recently. 11 2-aminoanisaldehyde for preparation of 5h was synthesized according to previous works. [16] [17] Procedure for the synthesis of intermediates (5a-g). 3 .25 mmol of Boc-tetramic acid , 2.45 mmol of 2-aminobenzaldehyde 3 and 5ml AcOH were poured into a microwave reaction vial. The vial was flushed with nitrogen, sealed and irradiated for 10 min at 120 ºC. Then, the reaction mixture was cooled and evaporated under vacuum. 250ml of ethyl acetate were added and the organic phase was washed with 2X50 ml water and 1x50 ml brine, dried over MgSO4, filtered, and evaporated under reduced pressure. Yields varied from 50 to 98%. Procedure for the synthesis of intermediate (5h). 3.25 mmol of Boc-tetramic acid (5-secbutylpyrrolidine-2, 4-dione (BOC)), 2-amino-anisaldehyde obtained as previously reported [16] [17] and 5ml DMF were added into a microwave reaction vial. The vial was flushed with nitrogen, sealed and irradiated for 30 min at 80ºC (reaction completion was verified by HPLC). Water (50 ml) was added to the DMF. The mixture was extracted with ethyl acetate (2 x 50ml), the organic phases were combined and washed with water (5x50ml) and brine (1x50), dried over MgSO4, filtered, and evaporated under reduced pressure. Compound 5h was desalted using DOWEX 50WX2-100 and then purified by silica gel chromatography (Hexane/EtOAc 2:1) Rf=0.65 (yield 35 %).
General procedure for the synthesis of intermediates (6a-h)
The methylation reaction was performed according to a previous reported procedure 12 . Briefly, 60 ml dry CH2Cl2 was added to quinoline 5a-h (1.31 mmol) in 100 ml round bottom flask. Then, a large excess of methyl triflate (1 ml) was added to the flask under nitrogen condition. After 48 h of stirring at room temp., the resulting solid was filtered and washed with CH2Cl2 to afford quite pure product as a yellow powder. Yields varied from 35 to 82%. Procedure for the synthesis of (7h). The de-methylation reaction was performed according to a previous reported procedure with minor changes. 13 Briefly intermediate product 6h (40 mg, 0.09mmol) was placed in a 25 ml round bottom flask flushed with nitrogen and sealed. The flask was cooled to 0ºC and boron tribromide (1M in dichloromethane, 10 ml, 0.01 mol) was added and the reaction mixture was allowed to stir at room temperature for 7 days (reaction was monitored by HPLC to completion). The excess boron tribromide was then neutralized by the addition of methanol (30 ml) and stirring for another 30 min. The mixture was concentrated under reduced pressure. Product mixture was purified by preparative HPLC method (see general methods). After lyophilization 12 mg of pure diastereomeric mixture were obtained (yield 40%). See physical properties below.
